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SUMMARY

The stria vascularis (SV) is an essential component of the inner ear that regulates the ionic environment
required for hearing. SV degeneration disrupts cochlear homeostasis, leading to irreversible hearing loss,
yet a comprehensive understanding of the SV, and consequently therapeutic availability for SV degeneration,
is lacking. We developed a whole-tissue explant model from neonatal and mature mice to create a platform
for advancing SV research. We validated our model by demonstrating that the proliferative behavior of the SV
in vitro mimics SV in vivo. We also provided evidence for pharmacological experimentation by investigating
the role ofWnt/b-catenin signaling in SV proliferation. Finally, we performed single-cell RNA sequencing from
in vivo neonatal andmaturemouse SV and surrounding tissue and revealed key genes and pathways thatmay
play a role in SV proliferation and maintenance. Together, our results contribute new insights into investi-
gating biological solutions for SV-associated hearing loss.

INTRODUCTION

Hearing relies on the regulation of cochlear homeostasis by the

stria vascularis (SV). The SV lines the lateral wall of the inner

ear and is composed of three epithelial cell layers (Figures 1A

and 1B): the marginal layer originates from the otic epithelium

and faces the endolymph of the scala media1; the intermediate

cell layer is made up of intermediate cells derived from the neural

crest2–6 and a network of endothelial cells and pericytes that

make up the blood-labyrinth barrier7,8 (BLB; Figures 1A and

1B); the basal cells arise from the otic mesenchyme and are con-

nected to the spiral ligament fibrocytes.9–11 The SV generates

and maintains the endocochlear potential that is required for

sound transduction and protects the inner ear against patho-

genic infiltration, making it crucial for hearing. SV degeneration

can occur due to aging, ototoxic drugs, and genetic disease,

which can lead to progressive and irreversible hearing

loss.12–18 In these situations, there is no evidence that the SV

has endogenous regenerative capacity, and therefore, there is

a need to better understand the SV to develop targeted regener-

ative therapies.

One of the main limitations for advancing SV research is the

lack of an in vitro system that investigates the SV as a whole tis-

sue. In vitro organotypic explants of cochlear and vestibular or-

gans have led to novel discoveries regarding their development

and function.19–21 Systems developed for the SV hold the same

potential. Techniques that currently exist for the SV include isola-

tion, purification, and culture of the individual SV or BLB cell

types22–24 or fragmented explant culture.25–27 Although these

methods provide a platform for investigation, they do not

examine the SV as a whole tissue. This could lead to an oversight

of key information that could contribute to our understanding of

the SV and the evaluation of therapies. Recently, single-cell RNA

sequencing has allowed for cell-specific characterization of the

whole SV in both normal and hearing loss mouse models.28–32

However, the molecular underpinnings of SV development,

maintenance, and degeneration have yet to be fully elucidated.

We sought to provide a deeper understanding of the SV by

contributing to the advancement of in vitro and bioinformatic

studies. Whole-organ explant cultures provide the advantage

of preserving architectural and molecular integrity, which can

better inform understanding of the organ in vivo and allow for
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more comprehensive in vitro studies including damage para-

digms and therapeutic interventions. Therefore, we developed

an organotypic explant model of the SV for both neonatal and

functionally mature mice. We showed that our in vitro system

recapitulated SV proliferation in vivo and conducted pharma-

cological studies using our system, demonstrating a robust,

representative, and reproducible model to study the SV. To

then understand the transcriptomic landscape of the SV further,

we used single-cell RNA sequencing and compared the neonatal

and mature SV. We revealed significant differences in gene

expression patterns and bioinformatically characterized the pro-

liferative properties of SV cell types. We further identified genes,

transcription factors, pathways, and cell-to-cell interactions

unique to each stage that may play a role in SV proliferation,

development, and maintenance. Overall, our novel experimental

platform and single-cell RNA sequencing data provide new

knowledge and insights into understanding the SV in the pursuit

of developing biological solutions for SV-associated hear-

ing loss.

RESULTS

Establishing an in vitro culture model for the SV
The development of a whole-tissue culture model will enable

comprehensive studies for the SV and create a platform for

testing potential therapeutics. With these goals in mind, we es-

tablished an organotypic explant culture model using young

and functionally mature mice to study the whole SV (Figure 1C).

In brief, the three cell layers of the SV and the associated vascu-

lature were dissected from base to apex from P0-P35 CD1 mice

Figure 1. Generating an in vitro organotypic explant model for the young and mature mouse stria vascularis

(A and B) P30 cross-section of a cochlear turn (A) and P0 whole-mount stria vascularis (B) stained with Phalloidin for actin (green), lectin for blood vessels

(magenta), and DAPI for nuclei (blue). Orthogonal view of the whole-mount SV in bottom panel of (B) marks the nuclei of the three cell layers of the SV (white

dashed lines). Scale bars in (A): 50 mm in low-magnification images, 10 mm in high-magnification images. Scale bars in (B): 50 mm.

(C) Side-by-side differential interference contrast imaging of neonatal and adult SV organotypic explants. SV were dissected and cultured on Matrigel-coated

plates in standard conditions for 72 h. Scale bar: 1 mm.

(D) Representative image of a P30 SV cultured for 72 h stained with lectin. Scale bar: 200 mm. m, marginal cells; i, intermediate cells; b, basal cells; SV, stria

vascularis; SL, spiral ligament; OC, organ of Corti; TM, tectorial membrane; RM, Reissner’s membrane.
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(Figure 1B), and isolation of SV cells was verified through immu-

nohistochemistry and transcriptomics prior to being cultured

(Figure S1, data not shown). All stages were cultured on Matri-

gel-coated plates for 72 h before fixation with 4% paraformalde-

hyde (PFA). We initially observed that the P0-1 SV had growth

and spread of cells, whereas the P30-35 SV did not (Figures

1C and 1D). We hypothesized that this could be a result of cell

proliferation, and to assess this, we cultured P0-1 SV for 72 h

and exposed the explants to 3.5 mg/mL BrdU for different dura-

tions within the culture period and quantified proliferation by

calculating the fraction of BrdU+ nuclei among DAPI-stained

nuclei (Figures 2A–2D). We detected BrdU+ nuclei within 1.5 h

in culture and significant accumulation of BrdU within 24 h

[F(5, 64) = 56.23, p < 0.0001; Figure 2D]. We next investigated

which specific SV cell type(s) were proliferating and performed

reverse transcription quantitative real-time PCR to compare

mRNA expression before and after culturing. Our results indi-

cated that expression of Kcnq1, a marker for marginal cells,

was significantly lower after 72h in culture, and Cldn11, a marker

for basal cells, showed no significant difference before and after

culture (Figure 2E). However, expression of Kcnj10 was signifi-

cantly increased in cultured SV (p = 0.0215), suggesting that

the main proliferating SV cell types are intermediate cells. This

falls in line with previously published work tracking intermediate

cell proliferation in vivo.3 Together, our results demonstrated that

the P0 SV exhibits active and persistent proliferation in vitro and

that the intermediate cells are contributing to this effect.

The neonatal SV is highly proliferative in vitro, and
proliferation decreases during postnatal development
We next determined the proliferative capacity of the SV during

postnatal development. We cultured SV from P0-1, P7-8, and

P30-35 mice and observed a significant decrease in proliferation

as measured by the proportion of BrdU+ cells in relation to DAPI-

labeled cells at P7-8 (p = 0.02) and P30-35 (p < 0.0001)

compared to P0-1 (Figures 3A–3D). This indicated that while

the SV retains its proliferative capacity at neonatal stages, prolif-

eration decreases with age.

Next,weexaminedwhether theproliferativeeffectweobserved

in vitro recapitulated thebehavior of theSV in theear.Wevalidated

proliferation in vivo by immunolabeling for Ki67, an endogenous

marker of proliferation33,34 in cryosections of P0 and P30 mouse

cochleae. In agreement with published reports,3 we observed

Ki67+ cells at P0 in the intermediate cell layer near the vasculature

but not at P30 (Figures 3E–3F00). Furthermore, using reverse tran-

scription quantitative real-time PCR, we quantified a significant

decrease in Ki67 mRNA expression in P30-35 SV compared to

P0-1 SV (p < 0.0001; Figure 3G). Taken together, the proliferative

behavior of the SV in our in vitromodel was comparable to in vivo,

validatingour systemasa representative experimental platform to

investigate the SV.

Wnt/b-catenin signaling plays a role in SV proliferation
We then tested the utility of our in vitro system to pharmacolog-

ical intervention by askingwhatmolecular pathwayswere driving

proliferation in the neonatal SV. A well-known pathway involved

in proliferation and angiogenesis is the canonical Wnt/b-catenin

(Wnt) signaling pathway.35 We have previously shown that the

canonical Wnt signaling pathway is highly active in the devel-

oping cochlea and that activating Wnt signaling at embryonic

and postnatal stages promotes proliferation of cochlear support-

ing cells.36,37 We have also reported that Wnt signaling compo-

nents are expressed in the SV.30,38,39 To examine the role of Wnt

signaling in SV proliferation, we used a pharmacological inhibitor

of Wnt signaling called FH535 that targets the TCF/LEF tran-

scription factors responsible for regulating downstream Wnt

target genes. We administered FH535 at 1, 2.5, 5, and 10 mM

for 72 h on P0-1-cultured SV and found that proliferation signif-

icantly decreased in cultures treated with 5 mM (p = 0.0003)

and 10 mM (p < 0.0001) FH535 compared to DMSO controls

(Figures 4A–4D). These results showed that our culture model

is robust to experimentation including pharmacological interven-

tion and indicated that canonical Wnt signaling is at least in part

responsible for regulating proliferation in the SV.

Profiling the P1 and P30 transcriptome using single-cell
RNA sequencing
To gain a further understanding of the molecular differences be-

tween the neonatal andmature SV and their neighboring cell pop-

ulations,weutilized single-cell RNAsequencing.Here, rather than

isolate the SV, we collected surrounding tissue as well to gain

comprehensive insight into the molecular interactions between

the SV and other cell types of the inner ear.We collected samples

from in vivo P1 and P30 CBA/J mice and processed them as pre-

viously described.30 We performed unsupervised bioinformatic

clustering using Seurat and resolved cluster identity using pub-

lished cell-type-specific markers.29,30 We then defined marginal,

intermediate, and basal cell clusters in both neonatal and mature

SV and validated the expression of cell-type-specific markers in

these populations using immunofluorescence (Figures 5A–5C).

To annotate the remaining clusters in our dataset, we inte-

grated P8, P12, and P20 single-cell RNA sequencing data from

Jean et al., 2023.29 We identified root cells (solute carrier family

26 member 4 [Slc26a4] and epiphycan [Epyc]), spindle cells

(Slc26a4 and annexin A1 [Anxa1]), macrophages (adhesion G

protein-coupled receptor E1 [Adgre1] and macrosialin [Cd68]),

fibrocytes (otospiralin [Otos]), tympanic border cells (elastin

microfibril interfacer 2 [Emilin2] and palmitoleoyl-protein carbox-

ylesterase [Notum]), pre-osteoblasts (RUNX family transcription

factor 2 [Runx2] and distal-less homeobox 5 [Dlx5]), two mixed

populations with endothelial and pericyte characteristics (which

we labeled fibrocyte [FB]-derived cell 1 and 2; Fms-related re-

ceptor tyrosine kinase 1 [Flt1], endothelial cell adhesion mole-

cule [Esam], platelet-derived growth factor receptor b [Pdgfrb],

and regulator of G protein signaling 5 [Rgs5]), and cells from

the surrounding structure (odd-skipped related transcription fac-

tor 2 protein [Osr2] and chordin-like protein 1 [Chrdl1]). We also

had three smaller clusters with unknown identity, which we have

marked as ‘‘unidentified’’ (Figure 5B; Table S1).

To unveil proliferative differences between the P1 and P30 SV,

we identified proliferating cell populations using S.Score and

G2M.Score with Seurat, which calculates cell-cycle scores using

known markers of S phase and G2/M phase of the cell cycle. We

identified that of the threemaincell types, a subsetof intermediate

cells undergo proliferation at P1, which corresponds with the

expression of the proliferation marker, Ki67 (Figure 5D).
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We then sought to gain a deeper understanding of the specific

cell typesof theSVandsurroundingcells.Asfibrocytesareclosely

associated with basal cells, we were interested in understanding

their relationship. Fibrocytes regulate ion homeostasis alongside

the SV and play amajor role in cochlear blood flow regulation, im-

mune response, and recovery from trauma.40,41 Fibrocytes prolif-

erate after injury even in adult animals,42,43 which makes them a

very interesting candidatepopulation tostudy lateralwall regener-

ation. We performed a pseudotime analysis and identified a clear

trajectory ofcell development fromthefibrocytes to thebasal cells

from P1 to P30 (Figure 6A; Figure S2). We analyzed the top 300

genes along the trajectory to further understand the transitional

process of basal cell development. In accordance with previous

reports,11 we identified some genes that are involved in mesen-

chymal-to-epithelial transition of the fibrocytes into basal cells:

expression of Vim (vimentin), a mesenchymal marker, decreased

along pseudotime, whereas the expression ofCdh1 (E-cadherin),

an epithelial marker, increased (Figure 6B).We also identified that

expression of the gap junction protein genes, Gjb2 (connexin 26)

and Gjb6 (connexin 30), increased in basal cells compared to fi-

brocytes, and expression of several genes from the collagen fam-

ilies decreased (Figure 6B). Mutations ofGjb2 andGjb6 are asso-

ciated with the most common autosomal recessive hereditary

hearing loss, and deficiencies in one or both genes can cause sig-

nificant reduction of the endocochlear potential.44,45 Collagen

plays an important role in the spiral ligament (SL) as it helps form

the extracellular matrix46 and thereby maintains the structural

integrityof the lateralwall. Thus,ourpseudotimeanalysisprovides

a molecular landscape of the distribution of functional genes that

both distinguish and conjoin the SV and the SL.

Figure 2. Proliferation of the P0 SV is ongoing throughout 72 h in culture

(A–C) Representative images of P0 SV proliferation across different timepoints over 72 h with the proliferationmarker, BrdU (red). (A0–C0) Merged images of BrdU+

nuclei and DAPI stained nuclei (blue). Scale bar: 1mm.

(D) Proliferation quantified as the fraction of BrdU+ nuclei over total DAPI stained nuclei. A one-way ANOVA was performed, F(5, 64) = 56.23, p < 0.0001. Tukey’s

multiple comparisons test was performed for post-hoc analysis. **p = 0.0044, ***p = 0.001, ****p < 0.0001.

(E) reverse transcription quantitative real-time PCRquantifying expression of SVmarker genes directly after harvesting (T0) and 72 h after culture (T72). Individual t

tests were performed: Ki67 t(4) = 5.14, **p = 0.0068; Kcnq1 t(10) = 19.45, ****p < 0.0001; Kcnj10 t(10) = 2.722, *p = 0.0215; Cldn11 t(10) = 1.310. Graphs show

mean with SEM.
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We further characterized the intermediate cells of the SV, as

their exact identity is unclear. Although there is evidence

showing that intermediate cells share melanocyte and macro-

phage characteristics,27,47,48 intermediate cells have been

widely classified as solely melanocytes. They arise either directly

from the neural crest, or indirectly from Schwann cell precursors,

which are a population of neural crest cells that emigrate to the

peripheral nerve early in development.49–51 Amajority of interme-

diate cells are derived from Schwann cell precursors.3,51 We

subclustered the intermediate cell population to determine if

we could identify these two populations. Here, we identified

two subclusters of intermediate cells, which we labeled subclus-

ter_0 and subcluster_1 (Figures 7A and 7B). GO biological

process terms associated with subcluster_0 included cellular

localization and anatomical structure development, whereas

subcluster_1 included oxidative phosphorylation and generation

of precursor metabolites and energy (Figure 7C). Interestingly,

our data showed that marker genes for subcluster_0 include

many, if not all, of the recognized canonical markers of interme-

diate cells, includingKcnj10 (potassium inwardly rectifying chan-

nel subfamily J member 10), Met (met proto-oncogene), Dct

(dopachrome tautomerase), and Plp1 (proteolipid protein 1), as

well as non-canonical markers such as Col5a3 (collagen type V

alpha 3 chain; Table S2). Genes upregulated in subcluster_1

include Vegfb (vascular endothelial growth factor B), Scn1b (so-

dium voltage-gated channel beta subunit 1), Mt1 (metallothio-

nein 1), and Ldha (lactate dehydrogenase A; Table S2). We vali-

dated Col5a3 and Ldha as candidate genes per subcluster using

RNAscope, along with Kcnj10 and Plp1 as our known marker

genes (Figures 7D–7E0). Although more investigation is required,

these results may begin to elucidate the molecular identity of the

intermediate cell subtypes and their origins.

Differential gene expression analysis reveals
transcriptional differences between the P1 and P30 SV
To examine the transcriptional differences between the young

and mature SV, we performed differential gene expression anal-

ysis comparing the P1 to P30 SV for marginal, intermediate, and

basal cells (Figures 8A–8C). We were particularly interested in

genes that were uniquely upregulated at either P1 or P30 or in

one specific cell type. Among the top significantly enriched

genes in P1 marginal cells, the ion channels Dpp10 (dipeptidyl

peptidase 10) andCacnb2 (calcium voltage-gated channel auxil-

iary subunit beta 2) were unique to this cluster.Dpp10 is a potas-

sium channel ancillary subunit and is known to associate with the

voltage-gated potassium channel family Kv4,52 and Cacnb2 has

been previously reported in the inner hair cells and is required for

normal development and hearing function.53 Similarly, in P1 in-

termediate cells, the ion channel Trpm1 (transient receptor po-

tential cation channel subfamily M member 1) and the melano-

cyte-specific transmembrane protein Pmel (premelanosome

protein) were upregulated. We validated the differential expres-

sion of Dpp10 and Trpm1 in P1 and P30 SV sections using RNA-

scope and found that in vivo expression patterns correspond

with our bioinformatic results (Figures 8D–8E0). We further exam-

ined transcription factors that were differentially expressed be-

tween P1 and P30 in each cell type. There were fewer transcrip-

tion factors expressed at P30 than at P1 in marginal and

intermediate cells but not basal cells. We again observed genes

that were uniquely upregulated. For example, Dach1 and Meis1

are two transcription factors only enriched in P1 marginal cells,

and they have been previously known to be involved in regulatory

processes of the SV.54,55 Table 1 provides a complete list of all

significant uniquely expressed genes, including transcription

factors and cofactors, expressed at each age and cell type.

We also performed functional enrichment analysis using gPro-

filer, using all significantly upregulated genes at P1 and P30 in

marginal, intermediate, and basal cells. We ran independent an-

alyses for each cell type at each stage and observed that the top

20 enriched gene Ontology (GO) terms for biological processes

in P1 were widely associated with development, whereas at

P30 they were associated with SV function and maintenance

(Figures 8A–8C; Table S3). Terms associated with proliferation

and differentiation were identified at P1: cell population prolifer-

ation (GO:0008283) inmarginal and intermediate cells, cell differ-

entiation (GO:0030154) in marginal and basal cells, neuron

differentiation (GO:0030182) in intermediate cells, and cell migr-

ation (GO:0016477) in basal cells. Collectively, differential gene

expression analysis coupled with functional enrichment analysis

of single-cell transcriptomes from both the proliferative neonatal

and non-proliferative mature SVs enabled a more comprehen-

sive examination of the changes underlying SV development.

CellChat examines cell-cell communication and ligand-
receptor interactions at P1 and P30
The previous analyses provided an understanding about cellular

identity within the specific populations at young and mature

stages. To gain further insight into cell-cell interactions, we

performed CellChat analysis. We revealed several pathways

involved in forming the extracellular matrix, cell proliferation,

and differentiation and maintaining tissue structural integrity

(Figure 8F). We observed that cell-cell interaction patterns and

pathway signaling strength differed between the P1 and P30:

in many cases, at P1, a signaling pathway was expressed in

several different cell types, whereas at P30, expression becomes

more specified to fewer cell types. We also identified some

Figure 3. Proliferation of the stria vascularis decreases with age

(A–C) Representative images of organotypic stria vascularis explants at P0, P7, and P30 cultured with the proliferation marker, BrdU (red), over 72 h. (A0–C0)
Merged images of BrdU+ nuclei and DAPI-stained nuclei (blue). Scale bars: 1 mm in (A–B0 ); 200 mm in (C and C0).
(D) Quantification of BrdU+ nuclei. A one-way ANOVAwas performed, F(2, 25) = 34.15, p < 0.0001. Tukey’s multiple comparisons test was performed for post-hoc

analysis.

(E and F0) Cryosections of the basal turn of the P0 and P30 cochlea were stained with Ki67 (green), Lectin (magenta), and DAPI. Scale bars: 100 mm for low-

magnification images; 50 mm in high-magnification images. m, marginal cells; i, intermediate cells; b, basal cells.

(G) Quantification of Ki67 in P0 and P30 SV using reverse transcription quantitative real-time PCR. A two-tailed unpaired t test was performed, t(4) = 70.16,

p < 0.0001. *p = 0.0235, ****p < 0.0001. All graphs show mean with SEM.
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pathways that are specific to P1 and P30, for instance, Vcam

signaling at P1 and Tweak signaling at P30. Tables S4 and S5

describe all ligand-receptor interactions at both stages.

At P1, the top five signaling pathways were Collagen, Ptn (plei-

otrophin), Mk (midkine), Epha, and Cldn (claudin) and at P30,

they were Ptn, Cldn, Mk, Spp1 (secreted phosphoprotein-1),

and Psap (prosaposin). Some proteins, such as collagen and

claudin, have been studied in the SV. Collagens are important

extracellular matrix proteins that maintain the structural integrity

of the SV,56–58 andCldn (Claudins) are cell adhesion proteins that

maintain the SV by regulating tight junctions.59,60 There is

considerably less information regarding Ptn, Mk, Spp1, and

Psap. Ptn is an evolutionarily conserved neurotrophic factor

that shares homology with Mk and regulates developmental

and angiogenic processes.61 Ptn or Mk knockout in mice leads

to a lack of Kir4.1 expression in intermediate cells.62 Epha is a re-

ceptor tyrosine kinase belonging to the ephrin receptor subfam-

ily.63 Spp1 is a signaling protein that plays a role in immune func-

tion in disease.64 In the inner ear Spp1 has been previously

characterized as a type I vestibular hair cell marker and more

recently identified in cisplatin-treated SV.32,65 Finally, Psap is

precursor protein to the sphingolipid activator protein family

(saposins) and is a secreted neuro- and glio-protective protein.66

Prosaposin has been identified in the organ of Corti of rats and

mice67 and in the basal cells of the rat SV.68 Psap knockout

mice show impaired hearing67 but more investigation is required

to understand its role in the SV. Cell-cell communication analysis

of the SV at young and mature stages has provided more infor-

mation about the intricate interactions within the SV and has re-

vealed pathways that may have been previously overlooked.

DISCUSSION

The goal of this study was to one, provide an accessible plat-

form to study the SV, and two, provide a comparative profile

of the molecular differences between the young and mature

SV. We used whole-organ in vitro explants of P0-P35 SV to

show the proliferative differences throughout postnatal devel-

opment, and we used single-cell RNA sequencing to further

compare the transcriptome profiles of young vs. mature SV.

Figure 4. Inhibition of Wnt/b-catenin signaling significantly reduces proliferation of the neonatal stria vascularis

(A–C) Representative images of organotypic P0-P1 stria vascularis explants cultured with either DMSO (control) or FH535, in the presence of BrdU (red) over 72 h.

(A0-C0 ) Merged images of BrdU+ nuclei among DAPI-stained nuclei (blue) in control and FH535-treated cultures. Scale bar: 1 mm.

(D) Quantification of BrdU+ nuclei among DAPI. A one-way ANOVAwas performed, F(4, 42) = 19.74, p < 0.0001. Tukey’smultiple comparisons test was performed

for post-hoc analysis. **p = 0.004, ****p < 0.0001. Graph shows mean with SEM.
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Our comprehensive analyses provide in-depth insights into

the molecular composition of the SV and reveal genes and

pathways that contribute to SV-associated hearing loss

pathologies.

We are the first to culture whole SV in both neonatal and

functionally mature mice. The inner ear is difficult to access

due to its deep location in the skull and encapsulation in dense

bone. The advent of inner ear organotypic explants overcame

this challenge when studying other inner ear cell types.19–21 Or-

ganotypic explants of the SV hold the same potential for dis-

covery. One advantage of our protocol is that we preserve

the cellular architecture of the SV to study the interactions be-

tween cell types along the basal-to-apical axis of the tissue.

Our system can potentially be used to investigate different bio-

logical pathways involved in SV development, regulation, and

disease, compare age-related differences in the SV, as well

as test the effectiveness and bioavailability of therapeutic

candidates.

We investigated SV proliferation in vitro using the thymidine

analog, BrdU, and in vivo using Ki67. Consistent with previous

reports using neonatal fragmented SV cultures, we observed

proliferative cells that migrated out from the explanted neonatal

tissue.26 We identified the proliferative cells as intermediate cells

and observed that their proliferation declines during postnatal

development, consistent with reports from Renauld et al.,

2022.3 We identified that a molecular mechanism regulating SV

proliferation was Wnt/b-catenin signaling, which is a prominent

pathway involved in proliferation.35,69 Wnt/b-catenin signaling

is initiated when Wnt ligands bind to Frizzled receptors and

Lrp5/6 co-receptors. This triggers the events that lead to the

Figure 6. Pseudotime analysis shows a developmental trajectory from fibrocytes to basal cells

(A) Pseudotime analysis showing fibrocyte to basal cell trajectory, and UMAPs displaying fibrocyte and basal cell subclusters and sample stage distribution.

(B) Expression of different genes in fibrocytes and basal cells along pseudotime.

Figure 5. Annotation of cell types and proliferative clusters in P1 and P30 single-cell RNA sequencing data

(A) UMAP showing P1 and P30 SV single-cell RNA sequencing sample distribution among 15 cell clusters.

(B) Integrated and annotated UMAP of cell types acquired through single-cell RNA sequencing P1 and P30 SV.

(C) UMAPS and violin plots of candidate marker genes for marginal, intermediate, and basal cells. Immunohistochemical validation of candidate marker genes in

cryosections of P0 and P30 cochleae. Scale bars: 100 mm for low-magnification images; 50 mm for high-magnification images.

(D) UMAPs showing clusters in which cells undergo proliferation.
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accumulation and subsequent translocation of intracellular

b-catenin to the nucleus. Nuclear b-catenin then binds to the

TCF/LEF transcription factors to activate the transcription of

downstream Wnt target genes. We showed that inhibiting TCF/

LEF transcription factors results in a significant decrease in pro-

liferation in neonatal cultures, indicating that the Wnt/b-catenin

signaling pathway plays a role in the proliferation of the SV.

This suggests that Wnt/b-catenin signaling may be a therapeutic

target for regenerative SV therapies.

Differential expression analysis revealed the transcription

factor Dach1 to be upregulated in P1 marginal cells. Embryonic

shRNA-regulated knockdown of Dach1 results in a loss of inter-

mediate cells, decreased endocochlear potential, and decre-

ased hearing function in adulthood.54 These results suggest

that Dach1 may be an important regulator of SV development.

It also suggests that the association between marginal and in-

termediate cells may be an important factor in SV development.

In accordance with this, we observed the upregulation of Spp1

Figure 7. Intermediate cell clustering reveals two subtypes of intermediate cells

(A) UMAP displaying intermediate cell subclusters with the distribution of P1 and P30 cells annotated and (B) volcano plot showing differential gene expression

between subclusters.

(C) Bar graphs depict top 10 GO biological processes (bottom left and right).

(D and E0) Representative images of RNAscope validation of intermediate cell_0 and _1 genes. m, marginal cells; i, intermediate cells; b, basal cells. Scale bars:

10 mm in (D and E) and 2.5 mm in (D0 and E0 ).
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(secreted phosphoprotein 1) in P30 marginal and intermediate

cells. Spp1 has been characterized as a vestibular type I hair

cell marker using single-cell RNA sequencing.65 In the SV, the

protein encoded by Spp1, osteopontin, is highly localized in

the marginal cells and secreted into the cochlear fluids.25,70

Interestingly, Spp1 is downregulated in the marginal cells of

adult mice that have been treated with cisplatin, an ototoxic

chemotherapeutic.32 These observations coupled with our

data suggest that Spp1 may be a candidate gene to investigate

SV and endocochlear potential development and is a therapeu-

tic target for cisplatin-induced degeneration of the SV and

hearing loss.

Meniere’s disease is another disorder that affects the SV. Me-

niere’s disease is a rare inner ear disorder characterized by

endolymphatic hydrops and results in vertigo, tinnitus, and hear-

ing loss. The etiology of Meniere’s disease is unclear. We

observed that the TWEAK signaling pathway is upregulated in

the P30 SV, and studies suggest that it may be a potential ther-

apeutic target for Meniere’s disease. TWEAK (tumor necrosis

factor-like weak inducer of apoptosis) is a member of the tumor

necrosis factor superfamily and is a cytokine that has multiple

functions in the body, including in inflammation, bone remodel-

ing, angiogenesis, cellular adhesion, proliferation, differentiation,

and apoptosis.71–73 A study examining bilateral Meniere’s dis-

ease identified that a majority of patients carried a single nucle-

otide variant rs4947296, which regulates the TWEAK/Fn14

signaling pathway.74 TWEAK/Fn14 signaling in individuals car-

rying the variant lead to the activation of both the canonical

and non-canonical nuclear factor kB (NF-kB) pathways with

downstream inflammatory effects. Although TWEAK signaling

was identified to be a candidate therapeutic target for individuals

carrying the variant, it was unclear where the site of inflammation

was in the ear.74 Our CellChat data suggest that the TWEAK

signal is sent from the intermediate cells, and the receptor is

located on themarginal cells and the spindle cells. More informa-

tion is needed to elucidate the role TWEAK signaling plays in the

SV, and it is important to mention that CellChat interactions

across sample stages may be a reflection of differences in cell

capture and sequencing depth. However, these methods bring

us one step closer to pinpointing the pathways involved in multi-

faceted disorders such as Meniere’s disease, and the ligand-re-

ceptor interactions between the cell types can facilitate the

development of effective therapies.

Identification of genes and pathways of interest also provides

more insight into the characterization of each SV cell type. We

were most interested in the intermediate cells because of their

multifaceted characteristics and their dual embryonic origin. In-

termediate cells are primarily defined as melanocytes, although

there are few reports that they also exhibit macrophage charac-

teristics.22,47,48 Melanocytes are reported to originate either

directly from the neural crest or from a subset of early delami-

nated neural crest cells called Schwann cell precursors.49–51

From the neural crest, or nerve-derived Schwann cell precur-

sors, melanoblasts form and migrate to their desired location

in the body and form region-specific melanocytes depending

on signaling pathways in the environment, such as KiT/Kitl,

Et3/Ednrb, c-MET, and Pax3.2,6,49,50,75–78 Intermediate cells of

the SV derive from these two embryonic populations,3,51 yet

the exact nature of the two intermediate cell populations remains

to be distinguished. We found two subclusters of intermediate

cells and observed that the canonical markers for intermediate

cells were all upregulated in only one subcluster (subcluster_0).

The upregulation of Plp1 in this subcluster suggests that it is

derived from Schwann cell precursors, and consistent with Bon-

namour et al.,51 we identified that the majority of intermediate

cells encompassed this subpopulation. The second subcluster

we identified was much smaller and showed an upregulation

of genes involved in metabolic processes, such as Idh3B (isoci-

trate dehydrogenase [NAD(+)] 3 non-catalytic subunit beta),

Urod (uroporphyrinogen decarboxylase), Acot13 (acyl-CoA thio-

esterase 13), and Rhoa (Ras homolog family member A). The SV

is the energy generator for the inner ear and is therefore highly

metabolically active.16,79 Our data suggest that a subset of inter-

mediate cells is specifically dedicated toward maintaining these

processes, providing a clearer distinction between the interme-

diate cell populations and a better understanding of the func-

tional SV.

Overall, our in vitro studies and single-cell RNA sequencing

provide a comprehensive understanding of the molecular land-

scape of the SV. By developing a whole-organ system to culture

the young and mature SV, we open the door for more compre-

hensive studies to investigate the SV in development, disease,

and aging. Genes and pathways of interest revealed through sin-

gle-cell RNA sequencing can be further investigated using this

platform to develop biological therapies for SV-associated hear-

ing loss.

Limitations of the study
A limitation of our study was that we were not able to capture

endothelial cells or pericytes in our single-cell sequencing

study, which are components of the BLB. Wnt signaling,

particularly Frizzled-4 signaling, in endothelial cells is crucial

for regulating vascular development and maintenance in the

brain and the retina,80 and Frizzled-4 knockout mice experi-

ence vascular degeneration in these tissues as well as the in-

ner ear.81 In fact, dysregulation of the canonical Wnt/b-catenin

pathway is the cause of Norrie disease, a progressive

vascular disorder that results in hearing loss.12,15,82 Since

we dissect the whole SV including all the components of

the BLB for our in vitro cultures, it would be pertinent in future

work to gain a molecular perspective on the vascular cells of

the SV.

Figure 8. Differential expression and CellChat analyses reveal molecular differences between P1 and P30 SV

(A–C) Differential gene expression analysis (volcano plots on the top) and GO biological processes (bar plots on the bottom) determined from P1 and P30 SV in

marginal cells, intermediate cells, and basal cells.

(D and E0) Representative images of RNAscope validation of genes differentially expressed between P1 and P30 SV. Scale bars: 10 mm in (D and E) and 2.5 mm in

(D0 and E0 ). m, marginal cells; i, intermediate cells; b, basal cells.

(F) Circos plots from CellChat analysis displaying top five pathways and interaction patterns in P1 and P30 cell types.
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Table 1. Unique differentially expressed genes in P30 vs. P1 SV cell types

Marginal P1 Marginal P30 Intermediate P1 Intermediate P30 Basal P1 Basal P30

Cacnb2 Ube2s Trpm1 Bsg Car3 Slc2a1

Meg3 Abca2 Dlc1 Herpud1 Slit2 Hist1h2bc

Dpp10 Churc1 Pmel Sdc4 Grid2 Cdkn1a

Dach1 Ndufv2 Aff3 St6galnac2 Nav3 Bag1

Meis1 Slc25a3 Chsy3 Car2 Syt1 Selm

Malat1 Nme1 Ptma Hsp90b1 Vim Rhoc

Ror1 Mettl26 H2afz Thrsp Sema6a Tspan15

Oc90 Qsox1 Glp2r Alpl Slc1a3 Ubxn1

Sparc Sepp1 Cdk2 Jam2 Eef1g Srgn

Tuba1a Ubl5 St6galnac3s Atp6ap2 Col9a3 Plin4

Slit3 Igfbp7 Sdk1 Ctsb Mllt3 Tns1

Sptssa Clstn1 Opcml Psap Tenm2 Gng11

Sulf1 Ndufb10 Fstl4 Atp6v0b Igfbp2 Tmem256

Aldh1a2 Ndufb11 Celf2 Sparcl1 Fam19a1 Lctl

Kctd8 Arf5 Pfn1 Aldh2 Igfbp4 Kif5b

Fos Atp5c1 Ptprm Emp3 Itih5 Gabarapl2

Cdh18 Ndufb2 Rap2b Col5a3 Nckap5 Anxa3

Btg2 Cox7b Cfl1 Slc45a2 Cacna2d3 Mrps6

Exoc6b Cox7a2 Hmgn1 Hspa5 Anks1b Hspa1a

Slc2a13 Atp5b Actb F3 Ebf1 Perp

Naaladl2 Cd59a Wbp5 Xist Lrp4 Cited4

Ppp2r2b Sorl1 H3f3a Pla2g7 Large Mt1

Ccdc3 Itpr2 Ybx1 Gsta2 Mdga2 Taldo1

Erc1 Smpdl3a Hmgn2 C2 Map7 Srebf1

Dach2 Mrpl33 Sox5 Kcnj10 Ccdc141 Trp53i11

Cdon Cox5a Dip2c Fxyd1 Hnrnpa1 Hist1h1c

Add2 Uqcrc1 Tenm4 Tmem176b Pip5k1b Bri3

Esrrb Mpc2 Phyhipl Scn1b Snrpg Smim14

Ccser1 Ndufv1 Sox4 Tmem176a Ppic Ctsl

Pard3b Prdx5 Gas7 – Cytl1 Ddx3x

Tox H2-K1 Itga4 – Spag5 2200002D01Rik

Lmx1a Fam134b Shc4 – Lypd2 Lamp1

Slc35f1 Ube2b Bcas3 – Klf12 S100a13

Bpifb3 Lrp2 Bnc2 – Adamts12 Pla2g16

Tmtc2 Paqr5 Cox7c – Col9a2 Rapgef3

Stac Atp5j Dock1 – 2610203C20Rik Tspan8

Ldlrad3 Prom2 Nudt16L1 – Clstn2 Cd82

Nfia Mt3 Atxn1 – Snhg8 Ppia

Bmpr1b Ndufs7 Thsd7a – 2700069I18Rik Plpp3

Sgcd Ndufb9 Rapgef4 – Tspan5 Atp1a2

Dynll1 Atp5j2 Sumo2 – Rgs6 Slc5a3

Junb Ndufa5 Plekha7 – Grip1 Cd63

Fgfr2 Rtn4 Spg21 – Cntn3 Actg1

Ier2 Scp2 Adam10 – Col9a1 Sat1

Pdgfc Cox5b St6gal1 – 1500015O10Rik Pou3f3

(Continued on next page)
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Table 1. Continued

Marginal P1 Marginal P30 Intermediate P1 Intermediate P30 Basal P1 Basal P30

Exoc4 Trnp1 Cdk4 – Coch Anxa5

Egr1 Snhg4 Rarb – Dapl1 Fam129b

Thsd4 Pkm Oaz1-ps – Eif3f Tsc22d3

Pitpnc1 Ndufa4 – – Cacna1e Insig1

Ghr Mdh1 – – Arhgap28 Acsl3

Frmd5 Hspa4l – – Pcdh9 Cd81

Cacnb4 Hspa1b – – Pdzrn3 Atp1b3

S100a11 Pgam1 – – A930011G23Rik Skp1a

Ank3 Tspan1 – – Tcf7l1 Arhgap29

Fut9 Ndufb8 – – Adgrl3 Glul

Kcnip4 Ndufs6 – – Macrod2 Cystm1

Ext1 Lrpap1 – – Tmem117 Cebpb

Samd12 Etnppl – – Wwox Fat2

Kcnq1 Reep5 – – Eif3s6-ps1 Qpct

Cldn4 Alcam – – – Enah

Ly6e Etfb – – – Ackr3

Tsc22d4 Slc41a3 – – – Aif1l

Zswim6 Atp1b2 – – – Efhd1

Cacna2d1 Cox7a1 – – – Ndrg3

Arhgef38 Rgs4 – – – Dusp1

Nkain2 Bglap3 – – – Rnf152

Fn1 Tesc – – – Ptms

Etl4 Dnase1 – – – Actn1

Rbm39 – – – – Xpnpep1

Frem1 – – – – Gstm1

Cited1 – – – – Ahnak

Oxr1 – – – – Morf4l1

2610035D17Rik – – – – Eif1

Fgf13 – – – – Jund

Sik3 – – – – Ephx1

Nhsl1 – – – – Ctxn3

BC006965 – – – – Csrp1

mt-Atp6 – – – – Becn1

Kansl1 – – – – Nudt4

Pbx1 – – – – Isyna1

Greb1l – – – – Scd1

Lrba – – – – Ppp1r1a

Dgki – – – – S100b

Kcnq1ot1 – – – – Apod

Hbb-bs – – – – Clu

Chchd3 – – – – Gsn

Fmnl2 – – – – –

Pax2 – – – – –

Zbtb20 – – – – –

Zfr – – – – –

Plekhg1 – – – – –

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will

be fulfilled by the lead contact, Dr. Alain Dabdoub (adabdoub@sri.utoronto.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The single-cell sequencing data generated in these studies have been

deposited in the Gene Expression Omnibus (GEO) database (GEO Series

accession ID: GSE262019, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE262019).
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Significant genes were determined using log2Fc > |1| and Padj <0.05. Transcription factors (single underline) and co-factors (double underline) ex-

tracted using AnimalTFDB.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-BrdU BD Biosciences Cat #555627; RRID: AB_395993

Rabbit anti-Ki67 Abcam Cat# Ab15580; RRID: AB_443209

Rabbit anti-Cldn11 Santa Cruz Cat# sc-25711; RRID: 639330

Guinea pig anti-Kcnq1 Alomone Labs APC-022-GP; RRID: AB_2827303

Chemicals, peptides, and recombinant proteins

CorningTM MatrigelTM Matrix Fisher Scientific Cat# CB-40234

Bromodeoxyuridine (BrdU) BD PharmingenTM Cat# 550891

b-catenin/Tcf inhibitor FH535 EMD Millipore CAS 108409-83-2

Osteosoft� Millipore Sigma Cat# 1017281000

Tissue Tek� O.C.T. Compound Sakura Cat# 4583

Griffonia (Bandeiraea) Simplicifolia

Lectin I (GSL I, BSL I), Fluorescein

Vector Laboratories FL-1101-2

Griffonia (Bandeiraea) Simplicifolia

Lectin I (GSL I, BSL I), Rhodamine

Vector Laboratories RL-1102-2

DAPI Sigma-Aldrich D9542

TSA vivid dyes 570 Advanced Cell Diagnostics Cat# 323272

TSA vivid dye 650 Advanced Cell Diagnostics Cat# 323273

Trypsin Worthington Biochemical Corporation Cat# LS003708

Accutase� Sigma-Aldrich Cat# A6964-100ML

Critical commercial assays

RNAqueousTM-Micro

Total RNA Isolation Kit

InvitrogenTM Cat# AM1931

High-Capacity RNA-to-cDNATM Applied BiosystemsTM Cat# 4387406

TaqManTM Fast Advanced Master Mix Applied BiosystemsTM Cat# 4444556

RNAscopeTM Mutiplex

Fluroescent Assay V2

Advanced Cell Diagnostics Cat# 323100

Deposited data

Raw and analyzed data This paper GEO Series accession ID: GSE262019,

https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE262019

Experimental models: Organisms/strains

Mouse: CD-1 Charles River Laboratory Strain code: 022

Mouse: CBA/J The Jackson Laboratory JAX: 000656

Oligonucleotides

GAPDH Mm99999915_g1 ThermoFisher Scientific Cat# 4331182

mKi67 Mm01278617_m1 Thermo Fisher Scientific Cat# 4331182

Kcnq1 Mm00434640_m1 Thermo Fisher Scientific Cat# 4331182

Kcnj10 Mm00445028_m1 Thermo Fisher Scientific Cat# 4331182

Cldn11 Mm00500915_m1 Thermo Fisher Scientific Cat# 4331182

Mm Trpm1-C1 (17364) Advanced Cell Diagnostics Cat# 858561

Mm Col5a3-C1 (53867) Advanced Cell Diagnostics Cat# 577221

Mm Kcnj10-C3 (16513) Advanced Cell Diagnostics Cat# 458831-C3

Mm Plp1-C4 (18823) Advanced Cell Diagnostics Cat# 428181-C4

Mm Ldha-C2 Advanced Cell Diagnostics N/A custom probe
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Care and euthanasia of male and female CD-1 mice (Charles River Laboratory) used in this study was approved by the Institutional

Animal Care and Use Committee (ACC) regulations at Sunnybrook Research Institute in Toronto, Canada (ACC protocol no. 23515).

Primary tissue for culture was collected from postnatal day 1 (P1) up to P36 CD-1mice. CBA/Jmice were purchased from JAX (Stock

No. 000656) and P1 and P30 mice were used for single cell RNA-sequencing experiments. The animal study was reviewed and

approved by Animal Care and Use Committee of the National Institute of Neurological Diseases and Stroke and the National Institute

on Deafness and Other Communication Disorders, National Institutes of Health.

METHOD DETAILS

Stria vascularis organotypic explant cultures
Inner ears were dissected from neonatal and functionally mature mice in ice-cold HBSS with 1% HEPES. In neonatal pups, the carti-

laginous membrane over the cochlea was carefully removed, and in P30 mice, the bone was carefully chipped off, to expose the

cochlear tissue. The cochlear duct was removed from the modiolus, and the lateral wall was removed from the sensory epithelium.

Then, the SV was gently teased away from the spiral ligament to isolate only the three cell layers of the SV. After verifying the isolation

of the SV cell types through immunohistochemistry and transcriptomics, SV were cultured in 2.5% FBSmedia in a 10 mm glass bot-

tom dish coated with Matrigel for a total of 72 h (h) at 37�C. All experiments were stopped after 72 h, then explants were rinsed with

PBS and fixed with 4% paraformaldehyde. Culture conditions were modified from a previously established technique for cochlear

explants.37

In vitro proliferation assays
The thymidine analog 5-bromo-20-deoxyuridine (BrdU; BDBiosciences 550891) was used to assess cell proliferation in vitro. SV from

postnatal day (P) 0–1 mice were exposed to 3.5 mg/mL BrdU for the following durations: 1.5 h (n = 11), 5 h (n = 10), 9 h (n = 10), 24 h

(n = 13), 48 h (n = 12), and 72 h (n = 14). Proliferation was also assessed throughout postnatal age, at P0-1 (n = 10), P7-8 (n = 12), and

P30-35 (n = 6).

Wnt inhibition
SV were cultured in the presence of the b-Catenin/Tcf Inhibitor, FH535, at the following concentrations: 1 mM (n = 9), 2.5 mM (n = 10),

5 mM (n = 10), or 10 mM (n = 9); EMD Millipore 219330). DMSO was administered as the vehicle control (n = 9). All explants were

cultured with 3.5 mg/mL BrdU for 72 h.

reverse transcription quantitative real-time PCR
reverse transcription quantitative real-time PCR experiments were performed to comparemKi67 gene expression between neonatal

and adult SV, and to comparemKi67, Kcnq1, Kcnj10, and Cldn11 gene expression between neonatal SV before and after 72h in cul-

ture. Eight SV were pooled per sample, and experiments were performed using three biological replicates. RNA was extracted using

the RNAqueous-Micro Total RNA Isolation Kit (Invitrogen AM1931), and cDNA was transcribed using the High-Capacity RNA-to-

cDNA Kit (Applied Biosystems 4387406) according to manufacturer’s instructions. reverse transcription quantitative real-time

PCRwas performed using the TaqMan Fast AdvancedMaster Mix (Applied Biosystems 4444556) and run on the Applied Biosystems

QuantStudio 5. All probes were tested in triplicate. The TaqMan probes used for reverse transcription quantitative real-time PCR

gene expression assays were GAPDH (Mm99999915_g1) mKi67 (Mm01278617_m1), Kcnq1 (Mm00434640_m1) Kcnj10

(Mm00445028_m1), and Cldn11 (Mm00500915_m1).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mm Dpp10-C3 Advanced Cell Diagnostics N/A custom probe

Software and algorithms

R (v4.3.0–4.4.2) https://cran.r-project.org/ https://cran.r-project.org/

CellChat (v1.5.0) Jin et al.83 https://github.com/sqjin/CellChat

Slingshot (v1.6.0) Street et al.84 https://github.com/kstreet13/slingshot

pyCirclize Shimoyama85 https://github.com/moshi4/pyCirclize

Seurat (v3) Stuart et al.86 https://github.com/satijalab/

seurat/releases/tag/v3.0.0

Seurat (v4) Hao et al.87 https://github.com/satijalab/seurat
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Tissue cryosection
Inner ears were dissected from P0-1 or P30-35 mice and immediately fixed in 4% paraformaldehyde overnight at 4�C. P30-P35
mouse temporal bones were decalcified in Osteosoft (Millipore Sigma 1017281000) for 24–48 h at 37�C. Temporal bones were cry-

oprotected in 10%, 20% and 30% sucrose steps before being embedded in Tissue Tek O.C.T. Compound (Sakura 4583). Tissues

were sectioned at 10 mm thickness on Superfrost Plus Microscope Slides (Fisher Scientific 12-550-15).

Immunofluorescence
Cryosections were permeabilized with 0.5% Triton X- in PBS and quenched with 0.3 M Glycine in 0.5% Triton X- in PBS. Antigen

retrieval was performed prior to staining for BrdU using 1 N HCl for 30 min at room temperature. Sections were then blocked in

10% Donkey Serum for 1 h at room temperature. The following primary antibodies were used: Purified mouse anti-BrdU (1:250;

BD Biosciences 555627), rabbit anti-Ki67 (1:500, Abcam ab15580), rabbit anti-Cldn11 (1:250; Santa Cruz sc-25711), rabbit anti-

Kir4.1 (1:250; Alomone Labs APC-035), and guinea pig anti-Kcnq1 (1:250; Alomone Labs APC-022-GP). Griffonia (Bandeiraea) Sim-

plicifolia Lectin I (GSL I, BSL I), Fluorescein (1:250; Vector Laboratories FL-1101-2), or Rhodamine (Vector Laboratories RL-1102-2)

was used to stain blood vessels. DAPI was used as a counterstain for nuclei (1:1000, Sigma-Aldrich D9542).

RNAscopeTM

In situ hybridization was performed using RNAscopeTM Mutiplex Fluorescent Assay V2 according to manufacturer’s instructions

(Advanced Cell Diagnostics, Cat. No. 323100). Cryosections were obtained as previously mentioned, serially collecting three sec-

tions on each slide. Experiments were performed using three biological replicates and two slides per replicate per probe. The foll-

owing probes were used: Mm Trpm1-C1 (85854), Mm Col5a3-C1 (577221), Mm Kcnj10-C3 (458831-C3), Mm Plp1-C4 (428181).

Customized probes included Mm Ldha-C2 and Mm Dpp10-C3. TSA vivid dyes 570 (323272) and 650 (323273) were used. Slides

were mounted using Prolong Gold Antifade Mountant (Fisher Scientific, P36930).

Microscopy
Immunofluorescent images were acquired using a Nikon A1R Laser Scanning Confocal Microscope or a Nikon Eclipse Ti.

Z-projections covering the depth of the explant or section were captured and converted into a maximum intensity projection. Large

image acquisition was also performed with optimal path stitching and 15% overlap. For explant experiments, signal gain was deter-

mined using the control sample and then applied to the treated sample and were kept consistent between experimental repeats.

RNAscopeTM images and supplemental images were acquired using a Leica Stellaris 5 (WLL) microscope. Z-projections covering

the depth of the section were captured at 633 magnification, and regions of interest were captured at 4.5 or 0.75 zoom using the

same objective lens. Maximum intensity projections or individual slice overlays are represented. Signal gain was kept consistent be-

tween experimental repeats.

Cell quantification
Quantification was performed using FIJI. In all experiments, proliferation was quantified by calculating the percentage of BrdU+ cells

among all DAPI labeled nuclei across the entire explant.

SV sample preparation for scRNA sequencing
SV tissue samples were prepared as previously described.30 Briefly, mice were sacrificed, and inner ears from a total of four P1 mice

and four P30mice were collected. The SVwasmicro-dissected from the spiral ligament and lysed in either 0.5mg/mL trypsin at 37�C
for 7 min for P1 tissue, or 400–600 units/mL accutase at 37�C for 25 min for P30 tissue. Media was gently replaced with 5% FBS in

DMEM to stop lysis, and the tissue was triturated and then filtered using a 20 mm filter (pluriSelect Life Science, El Cajon, CA, United

States), and the cells were kept on ice for 35 min. The cell pellet was then suspended in 50 mL of the filtered media and cell counts

were performed using a Luna automated cell counter (Logos Biosystems, Annandale, VA, United States). A cell density of 1 3 106

cells/ml was used to load onto the 103 Genomics chip.

103 chromium genomics platform
Single cell captures were performed following manufacturer’s recommendations on a 10x Genomics Controller device (Pleasan-

ton, CA, United States). The number of captured cells per sample were as follows: 2259 cells, 111,122 mean reads per cell, 2422

median genes per cell from sample P1_s353n, 7790 cells, 16,260 mean reads per cell, 1859 median genes per cell from sample

P1_s405n, and 5206 cells, 26,580 mean reads per cell, 1042 median genes per cell from sample P30_accu. Library preparation

was performed according to the instructions in the 103 Genomics Chromium Single Cell 30 Chip Kit V2. Libraries were sequenced

on a HiSeq 1500 or Nextseq 500 instrument (Illumina, San Diego, CA, United States) and reads were subsequently processed us-

ing 103 Genomics CellRanger analytical pipeline using default settings and 103 Genomics downloadable mm10 genome. Dataset

aggregation was performed using the cellranger aggr function normalizing for total number of confidently mapped reads across

libraries.
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Single cell RNA-sequencing data preprocessing
Quality control was conducted using the following parameters: nFeature_RNA >900 & nFeature_RNA <5000 & percent.mt < 15.

Doublet detection was conducted with scDblFinder using the default parameters without clustering information. After filtering steps,

we had 1973 cells for sample P1_s353n, 5724 cells for sample P1_s405n, and 2118 cells for sample P30_accu. The raw gene expres-

sion matrix was normalized using the scTransform function in Seurat,88 and the P1 and P30 datasets were integrated after batch

correction using the reciprocal principal component analysis (RPCA) method.

Dimensionality reduction and clustering
Dimensionality reduction was performed via UMAP using the first 20 principal components. Clustering was performed in smart local

moving algorithm in Seurat.89 Clusters were annotated using known published markers for each cell type.29

Differential expression analysis
Differential gene expression was performed in Seurat using the Wilcoxon Rank-Sum test. Average log2fc > |1|, adjusted p-value

<0.05. Functional enrichment analysis was performed using gProfiler v. e109_e.g.,56_p17_1d3191d. Genes that were upregulated

in P1 and P30 were run as separate queries per cell type, filtering out ribosomal genes. Significance threshold was set to 0.05 and

multiple tests were corrected using the Bonferroni correction method.

CellChat analysis
We performed intercellular communication (ligand-receptor) analysis for P1 and P30 datasets, respectively, using CellChat83 (v1.5.0,

default parameters). Trimean algorithmwas used to infer the communication network, including signaling pathway and ligand-recep-

tor pairs information. We visualized sources and targets of each signal as Circos plots via pycirclize (https://github.com/moshi4/

pyCirclize).

Trajectory analysis
We applied trajectory analysis for the fibrocyte and basal cell clusters using Slingshot v1.6.084 and set the fibrocyte cluster as the

starting point. We visualized the expression changes (normalized values) of marker genes along with the trajectory. Supplemental

analysis was performed using Slingshot, and Monocle 3,90 setting three different starting points: intermediate cells, FB-derived

cell 2, and a sub-population of fibrocytes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad-Prism software. For in vitro proliferation assays and the Wnt inhibition study, a

One-way ANOVA with Tukey’s Multiple Comparisons Test was performed for all experiments with the significance threshold set to

p < 0.05. For reverse transcription quantitative real-time PCR experiments, a two-tailed Student’s t test was performed for each gene

between ages or conditions with the significance threshold set to p < 0.05. All data are represented asmean and standard error of the

mean (SEM). All n-values presented refer to number of SV. All p-values are presented in figure legends.
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